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@ TItanla-containIng catalysts, their preparation and use In FIscher-Tropsch synthesis. 



@ Described herein are a process for the preparation of inorganic oxide binder-containing titania supports, and 
catalyst compositions of Improved porosity prepared from such supports, useful for Fischar-Tropsch synthesis. 
The supFHsrts are prepared by incorporating a small amount of an inorganic metal oxide binder, constituted of 
alumina, zirconia or silica, with titania. The catalysts are prepared by dispersing a catalytlcally effective amount 
of a Group VIII metal, or metals, preferably cobalt, or cobalt plus an additional metal, or metals, catalytlcally 
active in a Fischer>Tropsch reaction on the titania binder support. 
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TITANIA-CONTAINING CATALYSTS, THEIR PREPARATION AND USE IN FISCHER-TROPSCH SYNTHESIS 



1. FIELD OF THE INVENTION 

This invention relates to improvements in a Fischer-Tropsch process, and Rscher-Tropsch catalysts. In 
particular, it relates to improved cobalt catalysts, process for the production of said catalysts, and process 
5 for the use of said catalysts in Fischer-Tropsch synthesis to produce liquid hydrocarbons, especially Cio + 
distillate fuels and other valuable products. 



2. BACKGROUND OF THE INVENTION 

10 

Fischer-Tropsch synthesis, a process for the production of hydrocarbons from cartran monoxide and 
hydrogen, or synthesis gas, is well documented in the technical and patent literature. Fischer-Tropsch 
processes have also been commercially used, and are in operation today in some parts of the world. 

These and other recently developed forms of cobalt-titania catalysts offer promise of a viable modern 

76 day large scale commercial Fischer-Tropsch plant which may utilize such catalyst, particularly catalysts 
formed by dispersion in one fonm or another of Co-Re. Co-Hf and Co-Ce on a rutile form of titania. Despite 
the admirably high activity and selectivity of these catalysts, however, there nonetheless remains a need fo^ 
further improvements in the activity, selectivity and productivity of Fischer-Tropsch catalysts, notably cobalt 
catalysts. Productivity, which is defined as the standard volumes of carbon monoxide converted/volume 

20 catalyst/hour, is. of course, the life blood of a commercial operation. High productivities are essential In 
achieving commercially viable operations. However, it is also essential that high productivities be achieved 
without high methane formation, for methane production results in lower production of liquid hydrocarbons. 

25 3. OBJECTS 

It Is accordingly, a primary object of this invention to provide further improved, novel titania supports, 
and supported catalyst compositions. 

In particular, it is an object of this invention to provide novel titania supports and titania supported 
30 catalyst compositions, a process for the preparation of said catalyst compositions, and process utilizing said . 
catalyst compositions for the conversion of synthesis gas at high productivities, with low methane formation, 
to high quality distillate fuels, particularly Cio linear paraffins and olefins. 

A particular object of this invention is to provide titania supports and titania supported cobalt catalyst 
compositions of improved porosity which, when dispersed in a reactor bed and used in a hydrocarbon 
35 synthesis reaction, produce a minimum pressure drop across the reactor; and catalysts of such character 
which possess good physical strength. 

A further object is to provide a process utilizing such catalyst compositions for the production from 
synthesis gas of Cio + linear paraffins and olefins, at high productivity with decreased methane selectivity. 

It is also an object to provide a process for the preparation of such supports and catalysts. 

40 

4. THE INVENTION 

These objects and others are achieved in accordance with this Invention embodying a novel binder- 
45 containing titania support, a particulate catalyst formed by dispersing a catalyticatly effective amount of a 
metal catalytically active in conducting a Rscher-Tropsch reaction upon said support, and the use of said 
catalyst in a Fischer-Tropsch reaction. A catalytically active metal, preferably cobalt, is dispersed upon a 
particulate titania, especially titania having a rutile:anatase ratio of at least about 3:2, within which there is 
dispersed a metal oxide binder selected from the group consisting of alumina, zirconia and silica, in that 
so order of preference, in concentration ranging from about 0.1 percent to about 20 percent, preferably from 
about 0.5 percent to about 10 percent, and more preferably from about 1 percent to about 5 percent based 
on the weight of the total support. The incorporation into the titania of these small amounts of the binders, 
particularly in the lower concentrations, produce significantly better dispersion of the catalytically effective 
metal, notably cobalt, upon th support surfaces, higher activity, better selectivity and higher productivity 
than catalysts otherwise similar except that the metal oxide binder is not present within the titania support 
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component of the catalyst The metal can be substantially uniformly distributed throughout the tilania-binder 
support component of the catalyst from the center of a particle outwardly, or preferably as a thin 
catalytically active layer, or film upon the peripheral outer surface of the titania-blnder support. These 
catalyst can be used to produce, by contact and reaction at reaction conditions with an admixture of carbon 

5 . monoxide and hydrogen, a distillate fuel constituted principally of an admixture of linear paraffins and 
olefins, particularly a Cio + distillate, at high productivity, with low methane selectivity. This product can be 
further refined and upgraded to high quality fuels, and other products such as mogas. diesel fuel and jet 
fuel, especially premium middle distillate fuels of carbon numbers ranging from about Cio to about Czo. 
The titania-binder support particles are formed by incorporating, admixing or otherwise adding the 

70 required amount of alumina, zirconia or silica binder to the titanla. The presence of the inorganic binder in 
the quantities expressed, particularly in the lower concentrations, increases the porosity of the titania without 
eliminating the beneficial effects of the titania in conducting a Rscher-Tropsch reaction. The titania*binder 
support, after a metal is dispersed thereon, continues to behave In the Fischer-Tropsch reaction essentially 
as titania, but the Fischer-Tropsch reactions now occur within a more porous support as a consequence of 

T5 which the activity and selectivity, and particularly the productivity, is increased vis-a-vis a catalyst otherwise 
similar reacted with a similar feed at similar conditions except that the titania base does not include the 
binder. It is found, that the greater benefits are obtained by the use of a binder in amount which does not 
exceed about 10 percent, and preferably in amount which does not exceed about 5 percent, based on the 
total weight of the titania-binder support particles. Whereas the binder can be used in concentration higher 

20 than about 10 percent, even as high as about 20 percent, generally no advantage is obtained by the use of 
the binder in these high concentrations; and higher concentrations of the binder can be detrimental. 

The catalyst, formed by the dispersion of a metal, notably cobalt, or cobalt and another nnetal or metals, 
as promoters or modifiers e.g., rhenium, hafnium, cerium, on the titania-binder support, if the binder 
component is present in sufficiently low concentrations, continues not only to provide the normal advan- 

25 tages of the titania support component, but more -- viz. higher activity and selectivity as well as higher 
productivity with lower methane production. The titania-binder support component, if the binder component 
is present in sufficiently low concentrations, thus continues to exhibit the behavior of titania; but a titania of 
greater porosity. Moreover, despite the greater porosity, and the advantages thereof, the catalyst possesses 
good physical strength. It has been found that the porosity of the titania, which typically has a pore volume 

30 (Hg) below 0.2 cc/g, can be increased above 0.2 cc/g, preferably from about 0.2 cc/g to about 0.5 cc/g, 
more preferably from about 0.25 cc/g to about 0.35 cc/g. by addition of the binder in the amounts recited to 
provide a surface area ranging from about 8 m^/g to about 70 m^/g, preferably from about 10 mVg to about 
30 m^/g. These advantages are obtained, it is believed, because significantly better dispersion of the metal, 
or metals, upon the higher porosity support is attained, which in turn produces increased hydrocarbon 

35 synthesis activity, selectivity and productivity. 

A titania-alumina support is preferred. A "fumed" titania constituted of very small micron sized particles 
prepared by the oxidation of titanium tetrachloride, and alumina binder prepared by the hydrolysis of 
aluminum sec-butoxide are preferred materials for the preparation of the titania-alumina support particles. In 
the preparation of the titania-alumina support particles, via a preferred method of making these particles, the 

40 titania is mixed with the alumina binder in the desired proportions, water, and preferably a lubricant, suitably 
methyl cellulose or a polyglycol, and then extruded. It has been found that the titania crystallite size and 
particle size are particularly important for achieving satisfactory extrudability. <Crystallinity refers to the 
smallest individual particles of the titania consisting of an ordered arrangement of the titanium and oxygen 
atoms.) It is particularly desirable for good extrudability that the crystallite size of the titania used in the 

45 extrusion admixture be of average crystallite size below about 1000 Angstrom Units, preferably of average 
crystallite size ranging from about 200 Angstrom Units to about 600 Angstrom Units, as determined by 
measuring the line-width of the major anatase or rutile peak in the X-ray diffraction pattern, and that the 
average particle size of the titania be no greater than about 10 miaons, preferably between about 0.5 
microns and 5 microns, e.g., as measured by a commercially available instrument, suitably a Microtrac 

50 Analyzer. The extrusion per se is conducted in conventional manner at low torque to produce "green" 
extrudates of virtually any"desired cross-section. Suitably, e.g., the extrudates are in the form of 1/20 inch 
diameter trilobates, or 1/32 inch diameter cylinders. In carrying out the extrusion, if the average crystallite 
size of the titania is too large, or the average particle size is too great, the titania-alumina mixture will be 
difficult to extrude, and the extrudates will lack the proper strength necessary for a catalyst support. (In 

55 contrast, aiumina of 5 micron to 75 micron average particle size can be readily extruded without significant 
change in its extrudability characteristics when the titania is not present.) Virtually any type of extruder can 
be used in forming the extrudates, since neither the type of extruder or the form of the extrudate will 
significantly affect the porosity or surface area of the shaped titania-binder support. The green extrudates 
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can be dried, typically by heating to temperatures ranging Irom about 90* C to about 150*C, preferably at 
temperatures ranging from about 110* C to about 120'C, and then calcined by heating to temperatures 
above about 400 ' C. preferably by heating to temperatures ranging from about 500 * C to about 850 ' C. 
Surfac area decreases during calcination as anatase is transformed to rutile, and hence it is desirable to 
5 minimize the temperature and period of calcination to precisely those conditions which give the desired 
rutile content. 

The catalytically active metal, or metals, preferably cobalt or cobalt promoted or modified with an 
additional metal, or metals, can be dispersed upon the calcined titania-binder support particles in a manner 
which will distribute the metal, or metals, essentially uniformly throughout the particles from the center 

70 outwardly, or essentially upon the peripheral surface of the particle, preferably the latter. For example, 
catalysts can be prepared from the calcined titania-binder support particles by techniques known in the art 
for the preparation of other catalysts. In distributing the metal, or metals, uniformly throughout the calcined 
titania-binder support particles, e.g., the metal, or metals, can be deposited on the support particles from 
solution in preselected amounts to provide the desired absolute amounts, and weight ratio of the respective 

IS metal, or metals. Suitably, e.g.. cobalt, or cobalt and rhenium, are composited with support by contacting 
the support with a solution of a cobalt-containing compound, or salt, or a rhenium- containing compound, or 
salt, followed by impregnation of the other component. Optionally, the cobalt, or cobalt and rhenium can be 
co-impregnated upon the support. The cobalt used in the impregnation can be any organometailic or 
inorganic compound which decomposes to give cobalt oxides upon calcination, such as cobalt nitrate. 

20 acetate, acetylacetonate, naphthenate, carbonyl, or the like. Likewise the rhenium compound used in the 
impregnation can be any organometailic or inorganic compound which decomposes to give rhenium oxides 
upon calcination, e.g., perrhenic acid, ammonium perrhenate and the like. The amount of impregnation 
solution used should be sufficient to completely immerse the carrier, usually within the range from about 1 
to 20 times of the carrier by volume, depending on the metal, or metals, concentration in the impregnation 

25 solution. The impregnation treatment can be canried out under a wide range of conditions including ambient 
or elevated temperatures. On the other hand, the catalytically active cobalt component is most preferably 
dispersed and supported upon the peripheral surface of the calcined titania-binder particles as a thin 
catalytically active surface layer, or film, ranging in average thickness from about 20 microns to about 250 
microns, preferably from about 40 microns to about 150 microns, with the loading of the cobalt expressed 

30 as the weight metallic cobalt per packed bulk volume of catalyst ranging from about 0.01 grams (g) per 
cubic centimeter (cc) to about 0.15 g/cc. preferably from about 0.03 g/cc to about 0.09 g/cc catalyst. The 
feature of a high cobatt metaf loading in a thin catalytically active layer located at the surface of the 
particles can optimize the activity, selectivity and productivity of the catalyst in producing liquid hydrocar- 
bons from synthesis gas. while minimizing methane formation, 

35 The surface impregnated catalysts can be prepared by spray techniques where a dilute solution of a 
cobalt compound, alone or in admixture with a promoter metal compound, or compounds, as a spray is 
repetitively contacted with hot titania-binder support particles. The particulate support particles are main- 
tained at temperatures equal to or above about 140'C when contacted with the spray, and suitably the 
temperature of the titania-binder support particles ranges from about 140'C up to the decomposition 

40 temperature of the cobalt compound, or compounds in admixture therewith; preferably from about 140* C to 
about 190* C. The cobalt compound employed in the solution can be any organometailic or inorganic 
compound which decomposes to give cobalt oxide upon Initial contact or upon calcination, such as cobalt 
nitrate, cobalt acetate, cobalt acetylacetonate. cobalt naphthenate. cobalt carbonyl. or the like. Cobalt nitrate 
is especially preferred while cobalt haiide and sulfate salts should generally be avoided. The cobalt salts 

45 may be dissolved in a suitable solvent, e.g.. water, organic or hydrocarbon solvent such as acetone, 
methanol, pentane or the like. The total amount of solution used should be sufficient to supply the proper 
catalyst loading, with the film being built up by repetitive contacts between the support and the solvent. The 
preferred catalyst is one which consists essentially of cobalt, or cobalt and promoter, dispersed upon the 
titania-binder support, especially a support the titania portion of which is comprised of rutile. Suitably, the 

50 hot titania-binder support particles are contacted with a spray which contains from about 0.05 g/ml to about 
0.25 g/ml, preferably from about 0.10 g/ml to about 0.20 g/ml, of the cobalt compound or cobalt compound 
plus the compound containing the promoter metal, generally from at least about 3 to about 12 contacts, 
preferably from about 5 to about 8 contacts, with intervening drying and calcination steps being required to 
form surface films of the required thicknesses. The hot titania-binder support particles, in other words, are 

55 spray-contacted in a first cycle which includes the spray contact per se with subsequent drying and 
calcination, a second cycle which includes p r se with subsequent drying and calcination, etc. to form a film 
of the required thickness and composition^fhe drying steps are generally conducted at temperatures 
ranging abov about 20 *C, preferably from about 20 *C to about 125*0, and the calcination steps at 
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temperatures ranging above about 150* C, preferably from about 150* C to about 300 C. 

Metals such as rhenium, zirconium, hafnium, cerium, thorium and uranium, or the compounds thereof, 
can be added to cobalt to increase the activity and reg nerability of the catalyst. Thus, the catalysts which 
contain the cobalt metal uniformly dispersed throughout the support particles, or those wherein the cobalt Is 

5 dispersed on the support particles as thin catalytically active layers, or films, can include in addition to a 
catalytically active amount of cobalt, any one or more of rhenium, zirconium, hafnium, cerium, uranium, and 
thorium, admixture thereof, or admixture of these with other metals or compounds thereof. Preferred 
catalytically active metals thus include cobalt-rhenium, cobalt-zirconium, cobalt-hafnium, cobalt-cerium, 
cobalt-uranium, and cobalt-thorium, with or without the additional presence of other metals or compounds 

10 thereof. 

A particularly preferred catalyst is one wherein the cobalt, or the cobalt and a promoter, is dispersed 
upon the titania-binder support particles, the titania component of which has a rutileranatase weight ratio of 
at least about 3:2, as determined by ASTM D 3720-78: Standard Test Method for Ratio of Anatase to Rutile 
In Titanium Dioxide Pigments By Use of X-Ray Diffraction . Generally, the catalyst is one wherein the titania 

75 component thereof has a rutile7ahatase~atio ranging at least about 3:2 to about 100:1 , or greater, and more 
preferably from about 4:1 to about 100:1. or greater. Where any one of rhenium, zirconium, hafnium, 
cerium, thorium, or uranium metals, respectively, is added to the cobalt as a promoter, the metal is added 
to the cobalt in concentration sufficient to provide a weight ratio of cobalt:metal promoter ranging from 
about 30:1 to about 2:1, preferably from about 20:1 to about 5:1. Rhenium and hafnium are the preferred 

20 promoter metals, rhenium being more effective in promoting improved activity maintenance on an absolute 
basis, with hafnium being more effective on a cost-effectiveness basis. These catalyst compositions, it has 
been found, produce at high productivity, with low methane selectivity, a product which is predominately 
Cio + linear paraffins and olefins, with very little oxygenates. These catalysts also provide high activity, high 
selectivity and high activity maintenance In the conversion of carbon monoxide and hydrogen to distillate 

26 fuels. 

In conducting synthesis gas reactions the total pressure upon the CO and Ha reaction mixture is 
generally maintained above about 80 psig. and preferably above about 140 psig. It is generally desirable to 
employ carbon monoxide, and hydrogen, in molar ratio of HsiCO above about 0.5:1 and preferably equal to 
or above about 1.7:1 to increase the concentration of Cio+ hydrocarbons in the product. Suitably, the 

30 H2:C0 molar ratio ranges from about 0.5:1 to about 4:1, and preferably the carbon monoxide and hydrogen 
are employed in molar ratio H2:CO ranging from about 1.7:1 to about 2.5:1. In general, the reaction is 
carried out at gas hourly space velocities ranging from about 100 V/HrA^ to about 5000 V/Hr/V. preferably 
from about 300 V/HrA/ to about 1500 V/HrA/, measured as standard volumes of the gaseous mixture of 
carbon monoxide and hydrogen (0*C, 1 Atm.) per hour per volume of catalyst. The reaction is conducted 

35 at temperatures ranging from about 160* C to about 290* C. preferably from' about 190' C to about 260* C. 
Pressures preferably range from about 80 psig to about 600 psig. more preferably from about 140 psig to 
about 400 psig. The product generally and preferably contains 60 percent, or greater, and more preferably 
75 percent, or greater. Cio + liquid hydrocarbons which boil above 160* C (320* F). 

In the first set of runs which follow there is described a series of preparations wherein titania. and 

40 alumina, silica, and zirconia, respectively, are mixed together to form titania-binder support particles, the 
binder in concentration ranging from 1 through 21 percent, and greater, with the titania constituting the 
balance of the titania-binder support particles, based on the weight of the support particles. Comparisons of 
pare volume and surface area of the different titania-binder compositions of different shape are made with 
titania support particles which contain no binder. 

45 

EXAMPLE 1 

In a first series of preparations, titania was admixed with an alumina, silica, or zirconia binder. The 
50 alumina binder was made by the hydrolysis of AI(OC4H9)3, or a titania-alumina composite made by the co- 
hydrolysis of AI(OC4H9)3 and TilOCaH?)*. The titania was purchased directly from a commercial source. 
The titania was mull-mjxed with the alumina binder, water, and a lubricant ~ methocel or polyglycol. The 
admixture, where extrudates were formed, was extruded via the use of a low torque 0.8 inch Welding 
Engineer's extruder, or a Carver Press extruder, as 1/20 inch diameter trilobes (TRIL) or 1/32 inch diameter 
55 cylinders (1/32), dried at 120* C, and then calcined at 500' C to 850* C. 

The individual preparations are described by reference to Table 1, Support Nos. 1-8 (and 47) d scribing 
pure titania, in both extrudate and spherical forms, prepared without a binder as reference materials. 
Support Nos. 9-14 (and 43-46) of Table 1 are extrudates containing, except in three instances, more binder 
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than titania, including some of the examples of pure alumina extrudates. Support Nos. 15-41 exemplify the 
supports of this invention, these supports illustrating the effect of binder content in differing concentrations. 
Support Nos. 15-22, in particular, illustrate the effect of alumina binder content using the trilobate form, 
calcined at 650* C. The more alumina added, the higher the pore volume and surface area that Is produced. 
5 Support Nos. 23-29 show the effect of calcination on a preferred composition, viz. 96.5% Ti02/3.5% AI203. 
Support Nos. 30-33 show that steaming is equivalent to calcination; both converting anatase to rutile and 
leading to a reduction in surface area. Pore volume also decreases while the medium pore diameter 
increases. A wide variety of alumina containing materials are demonstrated to be useful as a binder. Pure 
alumina gels and titania-alumina cogels made by alkoxtde hydrolysis are satisfactory as are a number of 
■ 70 different commercially available aluminas. Support Nos. 37-41 show that silica and zirconia also function as 
binders, and that alternate sources of titania are suitable starting materials. 

Reference is made to the following "Legend For Table Headings" and to Table 1 . The legend provides 
background information for Table 1 . 



LEGEND FOR TABLE HEADINGS 


Heading 


Designations 


Description, Or Source 


TiOa 


Company A 


Ti02. 35% rutile 


Source 








ALKOX 


Ti02 from Ti(OC3H7)4 hydrolysis 




CHLOR 


Ti02 from Ti(CI)4 neutralization with NH4OH, 100% anatase 


Extruder 


CP-xxxx 


Carver Press - psi pressure used 




WE-xx 


Welding Engineers 0.8" extruder - % torque used 


Size 


SPHR 


1 mm spheres (made by Company B) 




TRIL 


1/20 inch trrlobe extrudates made with 1-hole die 




1/32 


1/32 Inch extrudates made with 3-hole die. 10 wt.% polyglycol 
added to mull-mix 


Binder 


AlzOs 


Made by hydrolysis of AI(OC4H9)3 




Al2 03-Ti02 


Made by co-hydrolysis of AI(OC4H9)3 and Ti(OC3H7)4. 
composition by wt. 




C 


Company C 




D 


Company D 




E 


Company E 




Si02 


Company F 




2r02 


Made by hydrolysis of Zr{OC3H7)4 


% 




Corresponds to the % of AI2 03, Si02 or 2r02 added to the 


Binder 




Ti02 on a dry basis. 


Hg PD 




Median pore diameter measured by Hg porosimetry with a 
contact angle of 125°C and surface tension of 485 dynes/cm 


% 




ASTM D 3720-78. 


Rutile 







45 



50 



55 
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These data are graphically repres nted by reference to Rgure 1 , a plot of pore volume (PV) measured 
by mercury porosimetry versus surface area (SA) by BET analysis. The data points fall into tvo distinct 
categores: (1) a lower curve (open circles) of pure titania supports, or titania supports with no binder, and 

5 (2) an upper curve of titania supports containing binders. As demonstrated by the use of different symbols, 
the upper curve can be petitioned into materials containing greater than (black squares), or less than (black 
circles) about 20 percent binder. The latter show significantly higher pore volume at a given surface area 
than pure titania, or titania which contains no binder. The precise level of pore volume and surface area 
within the lower portion of this curve is obtained by varying the binder content between about 1 and 20% 

70 and final calcination temperature applied to the support. As the binder concentration Increases, the pore 
volume and surface area increases. As calcination temperature is increased, the pore volume and surface 
area are decreased. Optimally, the amount of binder used should not exceed about 10 percent, and 
preferably should not exceed about 5 percent. 

Catalysts of extrudate shape offer process advantages over other forms and, as earlier suggested, the 

75 crystallite size and particle size of the titania must be carefully controlled for satisfactory extrusion, and to 
obtain satisfactory extrudates. The following example demonstrates the importance of the crystaltte size and 
particle size of the titania. 

20 EXAMPLE 2 

The following Table 2 lists the results of a series of extrusion runs with a variety of titanias from 
different sources. The table gives the anatase and rutile compositions, crystallite sizes in Angstrom Units, 
average particle size diameters of the titanias in microns, and the extrudability characistics of the titania in 
25 the preparation of 1/32 inch diameter extrudates by passage of the titanias through a 3-hole die in a 0.8 
inch Welding Engineer's extruder. 

Table 2 



30 


Titania Source 


Composition, 
Anatase 


Wt% 
Rutile 


Crystallite 
Size. A 


Particle 
Size, u 


Extrudability 




Company A 


77 


23 


313/545 


1,0 


Good 




Calcined Company A 


0 


100 


930 


7,3 


Poor 


35 


Company G 


0 


100 


6305 


0.5 


Poor 




Company H 


7 


93 


3409 


0,6 


Poor 




Company 1 


8 


92 


5841 


0-5 


Poor 




Alkoxide Hydrolysis 


100 


0 


<120 


16.2 


Poor 




TiCU Neutraliz.(^> 


60 


40 


<220/<220 


8.7 


Poor 


40 


TiCU Neutraliz.t2> 


100 


0 


<220 


23.9 


Poor 




TiCU Neutralized^) Ball Milled 


100 


0 


<220 


4.7 


Fair 



Aqueous NHtOH added to aqueous solution of TiCU. 
Aqueous solution of TiCU added to NH4OH. 



45 

It is clear that good performance is obtained only if the crystallite size is less than about 1000 Angstrom 
Units, preferably about 600 Angstrom Units, and the particle size is less than about 5 microns preferably 
less than about 2 microns. If either property exceeds these values the titania is difficult to extrude. Often. 
50 when such conditions are not met, the extruder plugs, and the extrudates that are produced are very weak. 

EXAMPLE 3 

65 This example demonstrates th use of the higher porosity titania-binder supports as catalysts for use in 
Fischer-Tropsch synthesis, I.e.. the production of hydrocarbons from carbon monoxide and hydrogen. The 
data show that significantly better metal dispersion and higher hydrocarbon synthesis activity result when 
cobalt is dispersed on the more porous supports. 
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Table 3 lists the catalysts prepar d Irom supports described in Table 1, each support being identified in 
Table 3 by number corresponding with that given in Table 1. Table 3 gives the composition of the catalyst 
prepared from the support, their performanc in Oz chemisorption and in a hydrocarbon synthesis run. The 
catalysts were prepared by impregnating the support with an acetone solution of cobalt nitrate and 

5 penrhenic acid on a rotary evaporator, drying in a vacuum oven at 1 40^*0, and calcining in flowing air at 
250X in an oven. Oxygen chemisorption was performed at 25°C by measuring the uptake of oxy gen 
pulses from a helium carrier gas stream^ passed over samples of catalyst which were reduced in hydrogen 
for 16 hours at 450°C. The catalytic test was conducted in a unit using a small charge of catalyst diluted 
with an equal volume of titania. The catalyst was crushed and screened to 60-150 Tyler mesh size and 

TO reduced in hydrogen at 450°C for 1 hour. Run conditions were 200°C, 280 psig. with a feed of 64% H2/32% 
CO/4% Ne. Space velocities used for each example are shown in Table 3. 

It is useful to express the catalytic data In terms of "volumetric productivity," which is calculated by 
multiplying the fraction CO converted times the space velocity times the fraction CO in the feed. Since 
reactor volume is an expensive item, high volumetric productivity is a very desirable property of the 

75 catalyst. For hydrocarbon synthesis over cobalt catalysts, in the absence of a diffusion limitation, productiv- 
ity is a direct function of three factors: cobalt loading, cobalt dispersion, and cobalt oxidation state. It is 
desirable to maximize the loading and the dispersion while maintaining the cobalt in the 2ero-vatent state, 
which is the only phase active in hydrocarbon synthesis. However, these factors often work against each 
other, so the best catalysts represent a compromise. These three factors are taken into account in defining 

20 this invention. 

Table 3 



25 



40 



Support 


Wt % 


Wt % 


Density 


O2 Chemis. 


GHSV 


% Co 


Mol % 


TON 


Number 


Co 


Re 


g/cc 


0/Co 




Conv. 


CH* 




42 


5.78 


0.47 


1.45 


0.256 


1250 


73 


4.2 


32.6 


16 


6.06 


0.56 


1.24 


0.372 


1250 


85 


4.9 


29.3 


39 


5.47 


0.37 


1.13 


0.342 


1125 


71 


3.8 


29.2 


23 


4.52 


0.39 


0.958 


0.410 


850 


77 


4.7 


28.4 


43 


4.67 


0.46 


1.11 


0.318 


850 


74 


4.6 


29.4 


19 


5.80 


0.50 


0.933 


0.408 


1000 


81 


4.3 


28.3 


20 


5.85 


0.50 


1.00 


0.344 


1000 


75 


4.8 


28.7 


44 


5.64 


0.53 


1.45 


0.318 


1250 


76 


4.5 


28.2 


21 


5.34 


0,44 


0:856 


0.367 


750 


72 


5.5 


24.8 


45 


5.55 


0-49 


1.18 


0.418 


1000 


83 


4.3 


23.4 


22 


5.83 


0.45 


0.767 


0,527 


750 


67 


5.4 


16.5 


46 


6.15 


0.44 


0.967 


0.422 


750 


85 


4.3 


19.6 


9 


5.57 


0.40 


0.683 


0.504 


500 


83 


4.7 


16.7 


11 


5.35 


0.37 


0.717 


0.469 


500 


57 


6,7 


12.2 


12 


5.79 


0.44 


0.600 


0.536 


500 


62 


6.2 


12,8 


13 


5.59 


0.51 


0.592 


. 0.527 


500 


54 


6.7 


11.9 


47 


5.42 


0.45 


1.65 


0.233 


1000 


75 


4.8 


27.8 



The runs made with these catalysts are summarized in Figure 2 with a plot of "cobalt productivity" 
versus binder content in the support. Cobalt productivity is calculated by simply dividing the volumetric 
productivity by the volumetric cobalt loading. As Figure 2 shows, cobalt productivity increases significantly 
upon the addition of a small amount of binder and then falls back down after more than about 20% binder. 
This activity credit is a key and novel feature of this invention. 

The increase in activity upon the incorporation of a small amount of binder is attributed to an increase 
in cobalt dispersion. O2 chemisorption analysis indicates that the ratio of 0/Co, which is a measure of 
relative dispersion, correlates with the pore volume of the support. Thus, as the binder increases the pore 
volume of the support, dispersion increases on the catalyst. This trend actually continues out all th© way to 
pure alumina. Hydrocarbon synthesis activity, however, does not continue to increase as binder is added. In 
fact, activity drops because the support is b coming too "alumina-like.** Surface analysis by X-ray 
photoelectron spectroscopy indicates that cobalt oxide is only partially reduced on alumina, compared to 
titania where complete reduction occurs. Thus, too much binder gives high disp rsion but this potential 
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advantage is more than offset by the poor reducibiiity. 

The differences between titania and alumina are illustrated quite clearly by converting the cobalt 
productivity valu s into a "turnover number" as follows: 

Cobalt ProduotlTltj (2.*1 x 10*3) 

(0/Co ratio from 0^ chanlaorptlon) 

MolcB of CO cooTartad par hour par boIc of 
■0» altaa* 

(' "0"-sites are sites which are titrated by oxygen during an oxygen chemisorption test. By determining 
absorbed oxygen, the exposed surface sites can be calculated, assuming that each site absorbs one 
oxygen. Exposed surface sites are used to calculate turnover numbers which are a measure of reaction rate 
as a function of these exposed surface sites.) 

A plot of TON versus binder content, Figure 3. shows the dramatic loss in "intrinsic" activity that 
accompanies the incorporation of a binder into the support. Less than 20%, preferably less than 10%, and 
most preferably less than 5% binder should be present in order to maintain the highest cobalt turnover 
number. 

The proper amount of binder can thus increase the volumetric productivity of the catalyst in the 
absence of diffusion limitations. This is a significant result for all catalyst forms; including especially 
catalysts in powder form. However, the credits of the more porous support actually gain in importance when 
some diffusion limitation is encountered, as is the case with most fixed bed forms of the catalyst. Here the 
extra porosity aids the diffusion of the reactants, leading to an additional activity and important selectivity 
advantage. This feature of the invention is supported by fundamental diffusion theory, as discussed for 
example in Froment and Bischoff's CHEMICAL REACTOR ANALYSIS AND DESIGN, p. 167. 



EXAMPLE 4 

Runs 48 and 49, summarized in Table 4 are catalysts wherein the cobalt is coated on the surface of the 
support, these data illustrating the benefits Qf improved porosity under conditions of some diffusion 
limitation. The catalysts were made by repetitively spraying hot support particles with an aqueous solution 
of cobalt nitrate and perrhentc acid. The volumetric cobalt loadings and thicknesses of the surface metal 
coatings are essentially constant in this comparison. Thus, the productivity and selectivity credits of Run 49 
vis-a-vis Run 48 may be attributed to the use of the more porous support, which contains 3.5% alumina as 
binder. 



TON m 
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Table 4 



Run Number 






Support Properties 






Form 


1 mm sphere 


1/32 extrud 


Wt Vo binder (AbOa) 


0 


3.5 


Surface area, m^/g 


15 


24 


Pore volume (Hg), cc/g 


0.162 


0.251 


Porosity 


0.41 


0.54 


Catalyst Properties 






Wt. % Co 


2.98 


3.80 


Wt. % Re 


0.21 


0.20 


Density, g/cc 


1.59 


1.22 


Volumetric Co loading. g/IOOcc 


4.7 


4.6 


RIM thickness, microns ( + /- 40%) 


90 


80 


Catalytic Test (200*'C. 280 psig) 






Productivity 


166 


187 


Mol % CH4 


7.5 


6.0 



These data thus clearly show that titania supports with improved porosity provide superior performance 
when used to make cobalt hydrocarbon synthesis catalysts. Higher porosity generates better cobalt 
dispersion, which in turn leads to higher intrinsic hydrocarbon synthesis activity. Higher porosity also 
benefits forms of the catalyst which are somewhat diffusion limited, such as surface metal coated. 

The hydrocarbon synthesis reactions can be considered with these catalysts in fixed bed, or ebullating 
bed reactors with or without the recycle of any unconverted gas and/or liquid product. The Cio product 
that is obtained is an admixture of linear paraffins and olefins which can be further refined and upgraded to 
high quality middle distillate fuels, or such other products as mogas, diesel fuel, jed fuel and the like. A 
premium grade middle distillate fuel of carbon number ranging from about Cio to about C20 can also be 
produced from the Cio* hydrocarbon product. 

It is apparent that various modifications and changes can be made without departing the spirit and 
scope of the present invention. 

Claims 

1. A catalyst composition which comprises a catalytically effective amount of a Group VIII metal active 
for the conversion of synthesis gas to hydrocarbons dispersed upon a titania support in which there is 
incorporated from 0.1 percent to about 20 percent of an inorganic oxide binder selected from the group 
consisting of alumina, zirconia and silica, based on the weight of the titania-binder support. 

2. The composition of claim 1 wherein the pore volume of the titania-binder support is in the range of 
from about 0.2 cm^/g to about 0,5 cm^/g, the surface area is in the range of from about 8 m^/g to about 70 
m^/g, 

3. The composition of claim 1 or claim 2 wherein the Group VIII metal is promoted with a metal 
selected from rhenium, hafnium, zirconium, cerium, thorium and uranium. 

4. The composition of any one of claims 1 to 3 wherein the titania component of the support has a 
rutile-anatase weight ratio of at least about 3:2 (preferably a rutile:anatase weight ratio in the range of from 
about 3:2 to about 100:1 and higher). 

5. The composition of any one of claims 1 to 4 wherein the inorganic oxide binder is contained within 
the titania support in concentration in the range of from about 0.5 percent to about 10 percent. 

6. The composition of any one of claims 1 to 5 wherein the catalytic Group VIII metal is cobalt or 
ruthenium. 

7. The composition of any one of claims 1 to 6 wherein the catalytic Group VIII metal is cobalt, the 
inorganic oxide binder is alumina, the binder is contained in the titania in concentration in a range of from 
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about 0.5 percent to about 10 percent, and the titania component of the support has a rutite:anatase weight 
ratio of at least about 3:2. 

8. A method for the preparation of a catalyst composition containing a catalyticaily effective amount of 
Group VIII metal active for the conversion of synthesis gas to hydrocarbon dispersed upon a titania support, 

5 the method comprising incorporating within the titania component of the catalyst from about 0.1 percent to 
about 20 percent (preferably from 0.5 to 10 percent) of an inorganic oxide binder selected from the group 
consisting of alumina, zirconia and silica. 

9. The method of claim 8 wherein the pore volume of the titania-binder support ranges from about 0^ 
cm^/g to about 0.5 cm^/g, the surface area ranges from about 8 m^/g to about 70 m^/g, and preferably 

10 wherein the titania component of the support has a rutileranatase weight ratio of at least about 3:2. 

10. The method of claim 8 or claim 9 wherein the Group VIII metal is promoted with a metal selected 
from rhenium, hafnium, zirconium, cerium, thorium and uranium. 

1 1 . The method of any one of claims 8 to 1 0 wherein the titania-binder component of the support is 
extruded to form extrudates, and the titania component of the extrusion mixture is of average crystallite size 

T5 below about 1000 Angstrom Units, (i.e., below about 100 nm), preferably below about 600 A (60 nm) and of 
average particle size below about 5 microns (5 nm), preferably below 2 microns (2 um). 

12. The method of any one of claims 8 to 11 wherein the Group VIII metal is cobalt or ruthenium. 

13. A process for the conversion of synthesis gas to hydrocarbons at high activity which comprises 
contacting at reaction conditions a feed comprised of an admixture of carbon monoxide and hydrogen, in 

20 H2/CO molar ratio equal to or greater than 0.5:1 at (gauge or indicated) pressure greater than or equal to 80 
psig (551,5 kPa) (e.g.. in the range of from 80 to 600 psig. 551.6 to 4137 kPa). over a catalyst composition 
according to any one of claims 1 to 7 or prepared by a method In accordance with any one of claims 8 to 
12. 

14. The process of claim 13 wherein the molar ratio of H2:C0 ranges from about 0.5:1 to about 4:1. 

25 
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